Figure 1. Models for BIR and MAT Switching
(A) A diploid cell with a DSB on one chromosome can be repaired from its homolog by strand invasion and the initiation of new DNA synthesis (2). This can lead either to extensive replication to the end of the chromosome during break-induced replication (3) or to gene conversion (4), depending on whether the second end of the DSB becomes engaged in the repair process. (B) A molecular model of MAT switching, based on the DSB repair model of Szostak et al. (1983) . A DSB is induced at the Y/Z junction by HO endonuclease (1). 5Ј to 3Ј exonucleolytic degradation creates a 3Ј single-stranded tail that invades the homologous silent donor sequence, HML␣, and initiates new DNA synthesis (2, 3). After removal of the nonhomologous Y region, the second end of the DSB can copy the displaced donor strand, again using a 3Ј end as the primer (4). Resolution of Holliday junctions leads to gene conversion without crossing-over (5). The kinetics of repair can be monitored by Southern analysis of StyI-restricted genomic DNA, using a MAT distal probe, as shown. Cells switching from MATa to MAT␣ will lose the diagnostic StyI site within Ya (0.9 kb), creating a larger Y␣ StyI fragment (1.8 kb). The initiation of DNA synthesis after strand invasion can be monitored using a unique set of primers, shown as pA and pB (3), located within HML␣, and distal to MAT.
that nearly all cells in the population experienced a DSB expression. DNA collected at regular intervals was anaat the same time. Genomic DNA was then isolated from lyzed on Southern blots to monitor the kinetics of recomsamples taken from the culture maintained at the nonbination. The amount of recombined product visible at permissive condition. We report that HO-induced switcheach time point was then measured relative to the ing of the MAT locus requires all three DNA polymerases. amount of HO cut fragment produced after 1 hr of galacWe propose a novel model in which a replication fork, tose induction, with each sample normalized to the total similar but not identical to an ARS-dependent replication amount of DNA in each lane (see Experimental Procefork, is established during gene conversion. dures). In the wild-type strain at 30ЊC, product begins to appear within 1 hr, and the process is 100% efficient (Figure 2A ). At 14ЊC, the wild-type strain recombines as Results efficiently, but with a 4 to 6 hr delay. cdc44-8 is able to complete MAT switching at 30ЊC with 51% Ϯ 7% PCNA and RFC efficiency but is completely deficient in repair at 14ЊC. We first analyzed the cold-sensitive alleles of two essenAt 14ЊC, a similar result is seen for pol30-52. At its pertial DNA polymerase accessory proteins, PCNA (pol30-missive temperature of 30ЊC, the pol30-52 mutant com-52) and the largest subunit of RFC (cdc44-8). Cells grown pletes MAT switching with only 41% Ϯ 5% efficiency, at the permissive temperature of 30ЊC were shifted to with a delay of 2 to 3 hr. This pol30-52 strain has a the nonpermissive temperature of 14ЊC and grown 3 to doubling time of about 150 min at 30ЊC, 30 min longer 4 hr until the characteristic large budded cell replication than wild type (Ayyagari et al., 1995). Thus, replication arrest phenotype was observed. Two percent galactose (which requires PCNA) is much less impaired than gene was added for 1 hr to induce a DSB at MAT, followed by the addition of 2% glucose to repress further HO conversion, which entails less than 1 kb of new DNA the 3Ј-ended single strand in MAT-Z invades the donor and primes new DNA synthesis copied from the donor ( Figure 1B 3 ). Not even 30 nt of new DNA synthesis could occur at 14ЊC for mutants of RFC ( Figure 2B ) and PCNA (data not shown).
Pol⑀ Is the Major PCNA-Associated Polymerase at MAT DNA polymerases ␦ and ⑀ are both essential in replication to extend the primers made by the Pol␣-primase complex. MAT switching in pol3-14, a ts mutant of Pol␦, occurs almost as well in the wild-type strain at both permissive (23ЊC) and nonpermissive (37ЊC) temperatures. The amount of recombined product formed at 37ЊC was 60% Ϯ 4% at 2 hr, with no further increase over time and with no delay relative to wild type. In contrast, pol2-18, the mutant allele of Pol⑀, exhibits delayed and reduced (39% Ϯ 3%) MAT switching within 3 hr of HO induction ( Figure 3B ). By 20 hr, gene conversion increases to 61% Ϯ 4%. PCR analysis of pol3-14 and pol2-18 yields a similar conclusion ( Figure 3C ). Therefore, Pol⑀ appears to be the major PCNA-associated polymerase involved in this process, but there is some functional redundancy between the two polymerases in DSB repair. to wild-type cells, since there is a 10-fold decrease in PCR analysis can be used to detect an early intermedithe overall amount of PCR product for pri2-1 and pol1-ate of MAT switching (White and Haber, 1990). An oligo-17 mutant strains ( Figure 4B ). We observe the same nucleotide primer specific for Y␣ in HML␣ (used for the delay when we amplify the mutant samples even more, cdc44-8 MATa strain) or for Ya in HMRa (used for the with 23 and 26 PCR cycles, to levels comparable to pol30-52 MAT␣ strain) and a second primer that hybridizes distal to MAT can only amplify a PCR product after wild-type samples at 20 cycles; the initial appearance At 37ЊC, the orc5-1 strain, arrested in G2/M, was able in G1 shows that MAT switching occurs normally at 23ЊC but is deficient at 37ЊC, with a 10-fold decrease in prodto perform MAT switching as efficiently as the wild-type cells ( Figure 5B) . Therefore, the pre-RC is needed for uct, just like pri2-1 cells arrested at 37ЊC without ␣ factor was performed at 23ЊC and 37ЊC. In contrast to the rad1⌬ strain, product. At 37ЊC, pri2-1 cells either arrested in G1 with ␣ factor or where DSB repair returns to wild-type efficiency when perfect hoin S phase without ␣ factor were equally deficient in repair synthesis, mology is restored, the pri2-1 mutant is still reduced in both cases. showing an approximate 10-fold decrease in PCR product formation. Data represent the average of two independent experiments, with the range indicated. result indicates that the 700 bp region of nonhomology centromere-proximal to the HO cut site is normally cleaved by Rad1p. This delay disappears when perfect origin-dependent initiation of replication but not for DSB-induced repair at MAT.
Mutations in the Lagging Strand Complex Are Defective in MAT Switching
homology is restored in the rad1⌬ strain switching from MAT␣ to MAT␣-B ( Figure 6A ). However, we observe the same defect in the pri2-1 mutant at the nonpermissive Effect of Y Region Nonhomology on MAT Switching DSB repair at the MAT locus is commonly referred to temperature, with or without perfect homology, and conclude that a recombination-dependent replication fork as a gap repair mechanism, since entirely new sequences are being synthesized between two regions of also occurs without a gap ( Figure 6B ). homology ( Figure 1B) . We asked if a substrate, which replaces the cut locus with perfect homology, would Discussion still require the components of the lagging strand machinery. We used a MAT␣ hml⌬ strain carrying HMR␣-B, Lagging Strand Synthesis Is Involved in Gap Repair at MAT in which there is a single bp mutation in Y␣ that creates a BamHI site about 100 bp from the HO cleavage site Mutants of the Pol␣-primase complex are severely defective in DSB repair at MAT. The role of the Pol␣-pri-(Wu and Haber, 1995). In this situation, the donor is perfectly homologous to the ends of the DSB, as MAT␣ mase complex in replication is clear: chromosomal DNA replication is completely blocked in thermosensitive muswitches to MAT␣-B. MAT␣ to MATa switching is significantly delayed with a repair efficiency of only 37% Ϯ tants by preventing initiation of Okazaki fragment formation on the lagging strand and initiation on the leading 5% by 5 hr in a rad1⌬ strain ( Figure 6A) , 1991) . In MAT pri2-1 cells arrested in S phase. Thus, inactivating pri2-1 does not simply sequester the general replication appaswitching, the clamp and the clamp loader are essential for recombinant product formation, since at the nonperratus at replication forks and away from the MAT locus.
A PCR analysis that detects the first new DNA synthemissive temperature, no switching is observed, and there is a significant decrease in product at the permissis after strand invasion suggests that the uncoupling of leading and lagging strand synthesis in pol1-17 and sive temperature for the clamp mutant. PCNA has emerged as a major player in many aspects pri2-1 makes repair synthesis less efficient. In addition to priming replication, it is possible that Pol␣-primase of DNA metabolism, including DNA replication, nucleotide excision repair, postreplication mismatch repair, also acts as part of a larger complex to unwind the duplex homologous donor strands. In vitro studies in E.
base , 1998) . The key element of this mechanism strand, or both strands. In previous genetic studies, is that invasion of one end of a DSB establishes a modiPol␦ and ⑀ appeared to act on opposite strands of the fied replication fork that can either proceed to the end replication fork (Shcherbakova and Pavlov, 1996) . Furof the chromosome, as in BIR ( Figure 1A -1 ade2-1 his3-11 leu2-3,112, trp1-1 ura3-1) .
"default" pathway. As shown in Figure 7C 3 , the nonhomologous tail must be removed in order to provide an ., 1995) . Ura Ϫ colonies as the average of at least three independent time course experiwere tested for cold sensitivity at 14ЊC. A galactose-inducible ments and Southern blot analyses performed for each mutant strain. GAL::HO gene was integrated at ADE3 using YIPade3HO constructed by Sandell and Zakian (1993) . The YIPade3HO plasmid was PCR Analysis also integrated into R166 to create AMH11 (MAT␣ ade3::GAL::HO).
The PCR conditions used were 20, 23, or 26 cycles at 94ЊC for 30 s, The cdc44-8 cold-sensitive allele was integrated into R166 to 50ЊC for 1.5 min, and 72ЊC for 1 min, followed by a final extension make AMH5 (MATa cdc44-8) by the one-step gene replacement step of 72ЊC for 7 min (PTC-100TM Programmable Thermal Controlmethod (Rothstein, 1983) using a 4.6 kb Kpn1-Sac1 URA3-conler, from MJ Research Inc). The primers for all PCR analyses were taining fragment in the noncoding region of the cdc44-8 gene from synthesized by GIBCO-BRL custom primers; sequences are availpCH1362, received from Connie Holm. The resulting Ura ϩ colonies able upon request. Analysis of the extension intermediates prowere examined for cold sensitivity at 14ЊC and confirmed by Southduced from a cell switching from MATa to MAT␣ was performed ern analysis. AMH6 (MATa rad27::URA3) was also constructed by with oligonucleotide sequences within the Y␣ region, either 30 nucleone-step gene replacement method into R166 using pMRradotides (Y␣-30) or 70 nucleotides away from the HO cut site (Y␣-70), 26⌬::URA3 as described (Reagan et al., 1995) . Strains AMH5 and along with a MAT distal primer, pB or pBЈ. Likewise, primers within AMH6 were transformed with the centromeric plasmid pJH727 the Ya region were used for PCR analysis of cells switching from (GAL::HO LEU2). Construction of AMH7 (MATa rad1::LEU2) was MAT␣ to MATa and were either 30 (Ya-30) or 70 (Ya-70) nucleotides performed with one-step integration using the plasmid pL962 away from the HO cut site. The amount of PCR product was quanti-(rad1⌬) as described (Zehfus et al., 1990) .
fied by Molecular Analyst directly from an agarose gel and was AMH9 (MAT␣ pri2-1 HMR␣-B) was constructed by transforming normalized by dividing by the intensity of genomic DNA used for AMH2 (MAT␣ pri2-1) by one-step replacement using an HMR␣-B, each PCR reaction. At least two PCR reactions were performed for each mutant strain from DNA prepared from two independent time URA3-containing HindIII fragment from pXW172 as described (Wu course analyses. and Haber, 1995). HMR␣-B contains a one base pair substitution mutation, creating a BamHI mutation in Y␣. AMH10 was constructed by crossing a MAT␣ and an HMR␣-B MATa strain to obtain segrelab for many suggestions and comments. This work was supported
